In hypertensive humans, the CC genotype of the aldosterone synthase gene polymorphism (ASGP) CYP11B 2 (C-344T variant) is associated with increased aortic stiffness. Whether ASGP is also associated with altered central (carotid) wave reflections has never been investigated. After 1-month wash-out period, 124 hypertensive individuals were submitted to measurements of brachial and carotid systolic blood pressure (SBP), aortic pulse wave velocity (PWV) and wave reflections, using the carotid augmentation index (CAI) determined from pulse wave analysis. Two age-and sex-adjusted models of the impact of ASGP were analysed. Comparing the ASGP-CC with ASGP-TT and -TC genotypes, the former had significantly stronger intergroup correlation coefficients for age or CAI vs heart rate relationships (P ¼ 0.008; P ¼ 0.02). Stepwise multiple regressions showed that carotid SBP was independently influenced by PWV and CAI, but only in individuals with the CC (P ¼ 0.0002; P ¼ 0.03) and TC genotypes (P ¼ 0.0004; P ¼ 0.004). Those associations were not, or only weakly, observed using the brachial artery SBP model. In conclusion, this study showed that, in hypertensive individuals, ASGP is not directly associated with the SBP level, but rather independently with its two main determinants, central PWV and wave reflections. The result was observed only for CC and TC genotypes. Such findings are observed when central, but not brachial, haemodynamic measurements are performed.
Introduction
Systolic hypertension is one of the stronger cardiovascular (CV) risk observed in the elderly population (465 years) (see review in Safar and O'Rourke 1 ). Increased aortic stiffness and CV fibrosis are considered to be the most important pathophysiological factors associated to high systolic blood pressure (SBP). Angiotensin II and aldosterone are known to participate in the initial steps and development of systolic hypertension. 1 The results of clinical studies have suggested that the angiotensin-converting enzyme I/D gene polymorphism and the aldosterone synthase gene polymorphism (ASGP) CYP11B 2 (C-344T variant) are frequently associated with increased aortic stiffness in older people. [2] [3] [4] [5] However, a high incidence of systolic hypertension has not been constantly reported in this category of patients. 6, 7 Regarding ASGP, enhanced aortic stiffness and pulse wave velocity (PWV) were observed in hypertensive individuals, but only when the CC genotype was compared with the TT and CT genotypes. 3 As stroke volume is slightly reduced in carriers of the CC genotype, it was suggested that the combination of stiffer arteries and lower stroke volume in the population contributes to maintaining brachial SBP within the normal range, therefore explaining the lack of increased incidence of systolic hypertension. 3 However, in CC genotype carriers, a negative association between age and heart rate (HR) was observed, suggesting that haemodynamic mechanisms related to wave reflections might contribute in raising the SBP level. 3 In normotensive and hypertensive individuals, brachial SBP is physiologically and constantly higher than central (carotid) SBP. The difference between brachial and carotid SBP is called SBP amplification. This finding is a classical consequence of blood pressure (BP) propagation, and mostly of the transit of wave reflections. 1, 8 This SBP amplification, which is never observed for diastolic blood pressure (DBP) and mean blood pressure (MBP), is strongly influenced by HR. Low HR is associated with reduced amplification of the pressure pulse between the aorta and the brachial artery. Owing to the negative age-HR relationship in CC carriers, the lower HR in these elderly individuals could prolong ejection duration and favour the development of systolic hypertension.
In this study, we suggest that systolic hypertension might occur in response to the following haemodynamic mechanisms. 1, 8 First, the aortic BP curve is the physiological summation of a forward wave ejected by the cardiac pump and a backward wave returning towards the heart from peripheral arterial-branching sites. Second, when the central large arteries are elastic, as in younger individuals, the backward pressure wave returns slowly, during the diastolic component of the BP curve, boosting coronary perfusion and leaving cardiac afterload unaffected. Third, when the central large arteries become stiff, as in the elderly, the backward pressure wave returns towards the heart very rapidly, during the systolic component of the aortic BP curve, reducing coronary perfusion and causing superposition of the forward and backward pressure waves. This abnormal overlapping favours systolic hypertension within the thoracic aorta and further along the arterial tree, in other territories such as the brachial artery. Under these conditions, the summation of forward and backward pressure waves causes an additional aortic SBP rise, called the augmentation index (AI), which is attributed to the transit of wave reflections and may be further enhanced when the duration of cardiac cycle is prolonged (that is, when HR is consistently low). Finally, ASGP-CC genotype carriers might be associated with reduced HR, contributing to raising aortic or carotid AI (CAI), thereby favoring systolic hypertension. 1, 8 Note that this haemodynamic profile was first observed in individuals with atrio-ventricular block, and then in several therapeutic trials in the elderly. In those trials, HR was frequently pharmacologically reduced with b-blocking agents. 1, [8] [9] [10] The purpose of this study conducted on individuals with isolated systolic hypertension and/or with systolic-diastolic hypertension was to determine the characteristics of the ASGP genotype CC and to show that, under such conditions, the genotype CC was associated significantly with altered central wave reflections and HR, two important factors, which may be at the origin of systolic hypertension in the elderly. It should be noted that these changes are expected to be observed more clearly when central (carotid artery, thoracic aorta) and not brachial artery measurements are performed.
Materials and methods

Study cohort
This study was conducted on 124 hypertensive individuals, 20-85 years of age, initially enrolled in a previously reported therapeutic trial, 10 for whom brachial and central (carotid) BP measurements were available and were performed at the end of a 1-month wash-out period. Brachial SBP was constantly 4160 mm Hg, independently of DBP. Patients with diabetes mellitus or secondary hypertension, 2, 10 individuals with SBP 4210 mm Hg and DBP 4110 mm Hg, and those with a history of coronary artery disease, heart failure, stroke and/or peripheral arterial disease were not included. All the characteristics of our study agreed with the criteria of our local ethical committee.
All participants were examined in the morning after fasting for at least 12 h and underwent the same procedure. After resting for 20 min in the supine position, brachial BP and HR were measured based on phase I and V of Korotkoff sounds, using a mercury sphygmomanometer (mean of three measurements), and an electrocardiogram tracing was obtained. Brachial MBP was calculated as DBP þ 1/ 3PP, with pulse pressure (PP) defined as the difference between brachial SBP and DBP. Then, carotid-femoral PWV and central (carotid) BP measurements were determined for all individuals. We verified that in our subgroup of 124 individuals, brachial and central BP and PWV were representative of the initial population of the therapeutic trial, 10 as assessed by their comparable mean values for the other clinical and biological parameters. At the end of the clinical procedure, blood was drawn for standard biochemical analysis and DNA extraction.
Briefly, the echo-Doppler methods used are described. PWV was determined with an automatic device, the Complior (Colson, Paris, France), which is able to obtain an online pulse wave recording with two transducers, one positioned at the base of the neck over the common carotid artery and the other over the femoral artery, thereby enabling automatic PWV calculation. 1, 10 The validation of this automatic device and its reproducibility were reported previously. 1, 8 Based on 25 study individuals, reproducibility herein was 8±1%.
Central BP curves were determined using carotid and radial artery tonometry. For such local BP determinations, carotid, brachial and radial artery MBP and DBP were considered to be equivalent. The carotid pressure wave was, first, measured directly and transcutaneously by applanation tonometry and calibrated from the brachial artery BP measurements, assuming that MBP (determined here planimetrically) was the same at all sites on the arterial tree. 1, 10 Second, thoracic aorta and carotid pressure waves were also derived from the radial artery pressure wave using the same calibration and the SphygmoCor system (AtCor Medical, Sydney, Australia). 1, 8, 11, 12 This device applies a generalized transfer function to determine the aortic and carotid BP curves from the radial pressure wave, and its validation is detailed elsewhere. 1, 8, 11, 12 We verified in all 124 individuals the close agreement between the carotid SBP and PP directly measured by transcutaneous tonometry, and carotid SBP and PP obtained with the SphygmoCor device, 1, 8, 11, 12 so that there was no difference in the outcome of the analysis if each of these two methodologies was used. At the radial and carotid artery sites, SBP and PP were averaged for a series of waves over a 10-sec period. The repeatability coefficients after 1-and 3-month intervals were 6.8 and 7.2 mm Hg, respectively. 1, 8, 13, 14 CAI, which evaluates the amplitude and/or delay of backward wave reflections and its effects on the amplitude of SBP, was determined according to the previously published validated methods. 1, 8 CAI reproducibility was evaluated in detail elsewhere. 1, 8, 15 CAI was calculated as a percent PP 1, 8 before and after adjustment for HR.
In recent years, repeatability studies using BrandAltman plots, and modern computer technology, have made non-invasive determination easily accessible for the investigation of aortic stiffness and wave reflections in clinical studies. 10 In this study, pre-trial training sessions were held to define and compare the quality of baseline CV determinations and recording central BP, PWV and CAI. 16 Each investigator received a certificate after blind evaluation by two experts. Their baseline recordings were electronically forwarded to the co-ordination centre and immediately reviewed for validation by a Quality-Control Committee. Online assistance was available to investigators during the study. At the end of the examination procedures, all measurements, including BP, were obtained jointly by two physicians blinded to treatment, clinical data and physical examination.
Identification and detection of polymorphisms of the CYP11B2 gene For determination of the T À344 C genotype, blood was drawn for DNA extraction. Genotyping of all individuals was performed using allele-specific oligonucleotides as previously described. 2, 3, 17 The primers used to amplify by PCR the regions encompassing the variants were, for T À344 C, upper-5 0 AGG GGGTACGTGGACATTTT 3 0 , lower-5 0 CAGGGCTG AGAGGAGTAAAA 3 0 . After enzymatic amplification, one-fifth of the PCR product was denatured and blotted on nylon membranes. Each allele was detected after incubation with specific oligonucleotides probes, which were for T Allele and genotype frequencies were analysed according to the gene-counting method and the Hardy-Weinberg equilibrium, verified by a w 2 -test, was considered to be maintained, as previously described. 2 All means and correlations were further adjusted for sex and previous antihypertensive treatment.
First, we described the main CV parameters of study patients according to genotype and compared them by using a general linear model for continuous and categorical variable with one factor (F-test). Values obtained for the various parameters were derived from this analysis and are reported according to genotype after adjustment to sex and presence of previous antihypertensive treatment. Details of other adjustments and significance are given in each table.
Second, we estimated for each genotype the Spearman's (non-parametric) correlation coefficients for age and HR or CAI, and HR and CAI relationships for each genotype; the P-value indicates the significance of the links between haemodynamic parameters. For PWV, the model involved multiple correlations using MBP, age, plasma glucose, CAI and HR. To determine whether slopes differed between genotypes (interslope comparisons), we used a test of heterogeneity of slopes, which represents a natural extension of covariance analysis. Multiple linear regressions were used to determine factors influencing carotid or brachial SBP in each genotype. Two models were used including age, HR, PWV (model 1) or age, CAI, PWV (model 2). They are described in results (see Table 3 ). Interactions were also tested to control whether CAI and PWV independently modify SBP. Finally, taking into account a standard 5-mm Hg amplification between the brachial and radial arteries, 18 we verified that the global results of the study did not differ markedly when a quasi-null or standard 5-mm Hg SBP brachial-radial amplification was considered. Note that a 5-mm Hg brachialradial amplification is commonly observed in healthy individuals, 18 but has not been extensively investigated in hypertensive populations. Table 1 reports the clinical and biological characteristics (mean values) according to genotype. For the 124 study participants, no significant intergenotype difference was observed.
Results
Mean values
Correlations between HR, CAI and age The Spearman's correlation coefficients for age-HR, age-CAI relationships, and between HR-CAI indicated significant intergenotype differences for age-HR and HR-CAI (Table 2 ). This was observed between the CC variant, and the TT and TC variants (Po0.008 and Po0.02, respectively).
Stepwise multiple regression of carotid SBP Analysis of model 1 (Table 1) showed that carotid SBP was significantly associated only with age (P ¼ 0.02) for the genotype TT and only with PWV for TC carriers (P ¼ 0.007), whereas HR (Po0.007) and PWV (Po0.03) had significant impact on carotid SBP in the CC group. When the multiple regression model replaced HR by CAI in Table 3 (model 2), substantially higher multiple r 2 and P-values than for model 1 were obtained, especially for CAI and PWV for the CC and TC genotypes. TT genotype was no longer affected by age and CAI. Main results affected both inter-and intragroups differences with a high degree of significance. No significant interaction was observed both in the models 1 and 2.
Stepwise multiple regression of brachial SBP Factors associated with brachial SBP (Table 3 , model 2) differed from those acting on carotid SBP, particularly for the CC genotype, for which only PWV had a slightly significant 'impact'. By comparison with carotid measurements, brachial artery measurements generated weaker P-values, whether HR (model 1) (data not shown) or CAI (model 2) (Table 3 ) was introduced. 
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For each genotype, PWV was significantly correlated with age (Po0.0001) (data not shown). Only for the CC genotype, PWV was significantly associated with CAI (P ¼ 0.03) and MBP (P ¼ 0.014) (data not shown).
Finally, as no interaction was detected for the CC and TC genotypes, PWV and CAI had an independent impact on carotid SBP. These findings indicate a genotype impact on reflection waves (CAI) but did not explore the incident waves. No such differences were observed for brachial SBP. Importantly, only the two classical determinants of carotid SBP, that is PWV and CAI, and not SBP itself, seemed to be associated with the ASGP. Figure 1 shows the mean carotid SBP values according to the presence of high or low CAI in TT and TC þ CC genotypes carriers, with the carotid SBP of the latter being significantly higher when CAI exceeded 27%. The 27% value represents the mean CAI value of the overall population. A similar observation was made when HR replaced CAI (data not shown). No significant differences in SBP were observed when brachial BP measurements were used instead of central BP measurements.
Discussion
In this study, we examined the statistical association of ASGP with carotid and brachial BP, together with HR, CAI and PWV in a population of male and Abbreviations: CAI, carotid augmentation index; PWV, pulse wave velocity; SBP, systolic blood pressure. Plasma glucose never contributed to multiple regression analysis. Note that no interaction was detected in any model. Results for the entire population are given for comparison. Correlation studies are in bold.
Aldosterone and wave reflections J Blacher et al female individuals including either isolated systolic hypertension or systolic-diastolic hypertension. In this population, significant ASGP differences were observed after adjustment for sex and previous anti-hypertensive therapy, in the CC genotype carriers when compared with those with TT or TC genotypes. The results were observed only when carotid (central) and not brachial measurements were considered. First, significant intergenotype differences were observed for age-HR and HR-CAI relationships. Second, although with the TT genotype, only CAI slightly 'impacted' on carotid SBP (model 2), PWV and CAI in CC and CT genotype carriers exhibited highly significant associations with carotid SBP. As in the CC genotype, HR and CAI were inversely related, and therefore older age was associated with a lower HR, it seems likely that slower HR in the elderly was associated with significantly increased CAI, and hence the presence of systolic hypertension (Figure 1) . No comparable genotype differences were observed for brachial SBP. Thus, the results were observed dominantly for central carotid, and not brachial, determinations. In most reports on the genetics of hypertension, the hypothesis that genetic variability could contribute to high BP was tested by comparing the mean DBP values of patients with different genotypes (see the reviews in Safar and O'Rourke 1 and Luft 19 ). As hypertension was, in the past, exclusively classified based on a single point of the cyclic BP curve, DBP, and never on SBP or PP, many of the observations made were considerably limited by this inadequate description of BP. Furthermore, it was established for many years that the brachial artery BP curve provided only minor information by comparison with the central (carotid or aortic) BP curve. Our findings and those of others have extensively documented that hypothesis. 2, 20 Concerning ASGP, we showed previously 3 in a small group of hypertensive men, for whom haemodynamic parameters were independently measured, that HR was significantly higher and stroke volume lower for the CC genotype than the pooled TT and TC genotype. Furthermore, the association between high age and low HR was found highly significant. 3 The results reported herein showed that, in a population of men and women whose brachial and carotid BP were measured, CAI was significantly associated with HR only in CC genotype carriers. However, the SBP level itself was not genetically mediated, but it mediates only through its backward component. Finally, our finding was observed independently of PWV results.
Even if our population was relatively modest and could potentially involve a type I error, CAI and HR results agree with those reported by Ylitalo et al., 21 who found ASGP to be associated with genotypeinduced interindividual variations of baroreflex sensitivity and HR variability in individuals with the CC genotype. Similar findings were obtained with spectral analysis of HR in large European populations and were shown to be consistently influenced by sodium intake, even in intrafamilial studies and/or in specific geographic regions. [22] [23] [24] All these observations agree with previous wellestablished data associating aldosterone, catecholamines, autonomic nervous system and sodium homoeostasis in hypertensive individuals. 1, 25, 26 The links that we established herein, between ASGP, HR and CAI, could not be attributed to methodological problems involving central (carotid) BP measurements. 26 First, carotid pressure determinations, directly measured and calibrated, or involving the use of transfer function, were previously validated with simultaneous intraarterial BP measurements. 27 Second, CAI calculated as a percentage of PP, did not require any calibration of the BP curve and was strongly correlated with the radial artery AI, when determined together with CAI. 9 Taken together, these results suggest that systolic hypertension in some elderly patients might result from disturbed central wave reflections together with a significant association of ASPG with HR lowering.
Increased arterial stiffness independent of MBP was previously documented in ASPG CC genotype carriers. 3 Mostly, after 50 years of age, the PWV increase with age was steeper for the CC than for the TT or TC genotype. This finding is important to consider, because enhanced aortic stiffness and heightened plasma aldosterone in individuals with essential hypertension are positively and significantly correlated. 28 Furthermore, the ASGP CC genotype was significantly associated with higher PWV and plasma aldosterone values than the TT and TC genotypes, even after adjustment for age and 24-h natriuresis. 28, 29 Such observations are consistent with the hypothesis that the C allele might be associated with increased CYP11B 2 expression/activity, and thereby more local aldosterone secretion. However, as in several other reports, 10,30,31 these genotype differences had not been associated in the past with differences in directly measured brachial and mostly carotid SBP.
In this study, we found a consistent ASGP association with the age-PWV relationship, but not the age-SBP (carotid or brachial) relationship. This observation is in line with the results of other studies showing that the C allele did not influence BP in a dose-dependent manner. [30] [31] [32] On the other hand, based on experimental studies, aldosterone is known to have effects on the CV system at doses that are BP-independent. 32, 33 Hence, in agreement with the earlier observations of Lacolley et al., 34 it can be postulated that aldosterone might indeed affect CV biology, resulting in cardiac, PWV and wave reflection changes, but not in the modulation of directly measured (carotid or brachial) SBP. In contrast, it is worth noting that, in this study, lower HR are associated with increased CAI, particularly in the CC genotype context. Indeed, in CV physiology, slowed HR favors the rapid return of the reflected pressure wave during systole, causing earlier aortic wave reflections and resulting in a high systolic peak independently of PWV (see Table 3 ). Finally, earlier central wave reflections may be the consequence of changed timing at the thoracic aorta level, and/or modified amplitude at the arteriolar reflection sites. The former possibility, not the latter, fits with the observation of much higher density of mineralocorticoid receptors in the thoracic aorta than at the arteriole sites. 35 In several reports on CYP11B 2 expression in human and rodent populations, it was shown that aldosterone could be synthesized locally, particularly in the heart 33, 36 and the large conduit arteries. 37, 38 If the C allele is able to increase CYP11B 2 expression independently in cardiac and arterial tissues, it might raise local aldosterone concentrations and have specific local effects without systemic effects on BP. On the basis of the findings reported herein, it is clear that we observed independent effects on the heart (stroke volume, HR) and large arteries (PWV, CAI). Thus, it seems likely that, at the cardiac and vascular levels, these observations might indirectly reflect the presence of aldosterone-induced fibrosis and/or disturbed wave reflections, whose extent would be different in each particular CV tissue.
In conclusion, the results of this study showed that ASGP is associated with significant changes in arterial function, as established in hypertensive individuals on the physiological basis of the frequency domain, and not the time domain.
1,39 As we have established in a previous report 3 that stroke volume might participate to the ASGP polymorphism, a reservoir approach might be useful on a pathophysiological basis. 39 There is now evidence that the reservoir characteristics of the arterial system contribute to the shape of the arterial pressure waveform, with possibly a minor role of reflected waves. 40, 41 On the other hand, the findings are consistent with a local but differential impact of endogenous aldosterone on large vessels, for example, the carotid artery and thoracic aorta. The results, which are influenced by age, might affect the traditional phenotypes of CV diseases, like heart failure and mostly systolic hypertension in the elderly. In some patients, the observed effect may explain the impact of a specific mineralocorticoid effect on the heart and/or the vasculature, particularly systolic hypertension in carriers of the CC genotype. 31, 42 Therefore, it seems important to consider early identification of individuals at risk, so as to target pharmacotherapy towards aldosterone-receptor blockade.
